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Introduction
Interactions between dislocations and inclusions have been an essential topic in studying the strengthening and deformation mechanisms of crystalline solids [1] , [2] . Much effort to investigate this problem has been made in the context of classical elasticity. In the theory of classical elasticity, the stresses at the dislocation core become infinite. Also, the image force acting on the dislocation due to the existing interface becomes infinite as the dislocation approaches the interface. Hence, classical elasticity cannot predict the behavior in the dislocation core and near the interface.
In addition, it is experimentally and computationally shown that both elastic (see, e.g. [3] , [4] , [5] , [6] , [7] ) and plastic (see, e.g. [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] ) responses of materials at small length scales can be size dependent. As far as elasticity is concerned, physical reasoning has been used to justify the size dependent properties. As a result of large ratio of surface to volume, the effect of surface energies becomes substantial at the nano-scale. Moreover, the internal motions of atoms beyond the traditional displacement degree of freedoms is considerable at the atomic scale. Long range interaction between atoms needs to be included when the length scale is in order of the lattice parameter [17] . The presence of defects can also result in the size dependent elastic properties [7] . However, standard continuum models are scale-free and so fail when one attempts to predict deformation at small-scales.
We can apply continuum theories to size dependent problems by incorporating one or more length scales into their constitutive equations. One such enriched theory is called strain gradient elasticity or as it was briefly known, gradient elasticity, which can keep a good balance between the accuracy and the efficiency of the model. The constitutive law of a simple strain gradient elasticity proposed by Ru and Aifantis [18] , [19] reads as:
where ε, σ are the elastic strain and stress tensors, respectively, λ and μ are the Lamé constants, 1 is the unit tensor, ∇ 2 is the Laplacian, and c and ℓ are two different material constants with the dimension of length. Ru and Aifantis [18] , [19] have shown that the displacement and the stress fields can be determined through the following non-homogeneous Helmholtz equations
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where u and σ are the displacement and the stress fields in gradient theory, respectively, and u 0 and σ 0 are the solutions for the same problem in classical elasticity. In fact, Eqs. (2) and (3) establish a connection between classical and gradient elasticity. In this paper the superscript 0 refers to the classical solutions. The theory of gradient elasticity described by Eq. (1) has been used to explain the interaction between a screw dislocation and a circular nano inclusion [20] , [21] , [22] and an edge or screw dislocation and a flat bimaterial interface [23] , [24] . The purpose of this paper was to determine the stress field due to the interaction of an edge dislocation and a circular hole (as a special case of an inhomogeneity whose shear modulus is zero) within the theory of strain gradient elasticity.
Classical solution
As indicated in Figure 1 , consider a circular hole of radius R in an infinite matrix, and suppose a straight edge dislocation with the Burgers vector b = (b x , b y , 0) is put on the x-axis at a distance βR (β ≥ 1) from the center of the hole. The boundary conditions at the interface are 
This problem is a special case of the interaction between an edge dislocation and inhomogeneity (as solved by Dundurs and Mura [25] ), when the shear modulus of the inhomogeneity is zero. In this case, the Airy stress function reduces to
where r, r 1 , r 2 , θ, θ 1 and θ 2 are depicted in Figure 1 , κ = 3 − 4v for plane strain and κ = (3 − v)/(1 + v) for plane stress, v being Poisson's ratio. Stresses are given by
Gradient solution
Let us consider the same problem described in Section 2 in the framework of the theory of gradient elasticity with constitutive Eq. (1). To this end, we need to solve Eq. (3), where 0 is given by the relevant differentiation of the Airy stress function given in Section 2. In addition to the usual boundary conditions; that is, σ rr = σ rθ = 0 on r = R, in line with Refs. [22] , [23] , [24] and the calculations by Polizzotto [26] , we impose the following boundary condition:
The solutions to Eq. (3) can be written as the sum
, where ( ) is a particular solution and
is the homogeneous equation. As the stresses must tend to zero as r goes to infinity, the homogeneous solution is [21] , [22] , [27] 
where K n (r/ℓ) is the modified Bessel function of the second kind of order n, and a n and b n are unknown coefficients determined by the boundary condition. Instead of finding a particular solution for each component of the stress field, we can find a particular solution to the equation
and then choose the pertinent derivatives of χ p as ( ) . A solution to Eq. (9) can be given by aid of the appendix
It should be noted that the results given in the appendix can also be applied for all coordinates shown in Figure  1 .
By imposing the boundary conditions, the solutions to Eq. (3) are determined. For example,
where
Although the classical stress field is singular at the dislocation core, this singularity is removed in the gradient solution for the stress field ( Figure 2 ). When β = 1 and the dislocation is at the void, the rr and rθ components of the classical stress field, because of the boundary conditions (4), are not singular anymore; however, its θθ-component remains singular. No component of the gradient solution for the stress field possess singularity in any case. Outside the dislocation core and far from the interface, approximately farther than 5ℓ, the classical and gradient solutions are practically the same (Figure 2 ). These results agree with those obtained earlier for screw and edge dislocations [21] , [22] , [23] , [24] , [28] , [29] , [30] . 
Size effect and Peach-Koehler force
In the presence of dislocations, maximum stress in the theory of classical elasticity is meaningless because of the singularity at the dislocation line. However, because the stress field is not singular anymore in the framework of gradient elasticity, we can study the maximum shear stress. Figure 3 illustrates the maximum value of the shear stress |σ rθ | on the x-axis as a function of the distance between the dislocation and the void, (βR−R)/ℓ, when the Burgers vector is parallel to the x-axis, i.e. b = (b x , 0, 0). The maximum shear stress increases as the dislocation gets closer to the void, until it is at a distance ∼3b from the void. At this point, the maximum shear stress starts to decrease and approaches zero as the dislocation approaches the void. Figure 3 shows that the void size influences the maximum value of |σ rθ | when the dislocation is close enough to the void. This size effect becomes negligible if the dislocation is farther than ∼5b from the void. The maximum shear stress that can be attained as the dislocation moves on the x-axis, slightly increases as the radius of the void decreases (Figure 3) .
The Peach-Koehler force on the dislocation determines the behavior of the dislocation. The components of this force are
where the stress components arising from the interaction with the void are evaluated at the position of the dislocation. Figure 4 illustrates the Peach-Koehler force when its Burgers vector is parallel to the x-axis. The dashed lines are pertinent to the Peach-Koehler forces in the classical theory of elasticity, while the solid lines are pertinent to that in the theory of gradient elasticity. This figure shows that the behavior of the dislocation in these two theories is different. In classical elasticity, the Peach-Koehler force constantly increases as the dislocation approaches the void, and finally becomes singular when the dislocation reaches the void. In other words, if the dislocation is close enough to the void, such that the Peach-Koehler is large enough for overcoming the lattice resistance, the dislocations gets accelerated until it is absorbed by the void. However, according to the theory of gradient elasticity, the dislocation moves toward the void, with initially increasing speed, and as it becomes closer than a few Burgers vectors, its speeds starts to decrease. This behavior agrees with the behavior of a screw dislocation near an inclusion which is softer than the matrix [22] . 
Conclusions
We have employed the theory of gradient elasticity described by the constitutive Eq. (1) to consider the interaction between an edge dislocation and a circular void. In addition to the classical boundary condition, an additional condition is required to find the stress field. We have found analytical solutions for the stress field. As a result, the classical singularities of the stress field at the dislocation core is removed which lets us find the maximum shear stress, and the singularity of the Peach-Koehler force when the dislocation approaches the void. Far from the void at distances greater than approximately 5b, gradient and classical solutions coincide. It is shown that in the framework of both classical elasticity and gradient elasticity, the dislocation is attracted toward the void. However, the Peach-Koehler force is zero when the dislocation reaches the void. The PeachKoehler force depends on the size of the void when the dislocation is closer than 5b.
A Appendix
In this appendix, we provide the solution to the inhomogeneous equation
for different functions χ 0 . Using the double Fourier transform defined bŷ
Eq. (14) turns into an algebraic equation
Eq. (16) reads
where k 2 = 2 1 + 2 2 . Using the inverse Fourier transform
we obtain
Because
where = √ 2 + 2 , the solution to Eq. (14) reads 
A.3 χ 0 = r sin θ ln r
In a similar manner to Appendix A.2, we obtain
A.4 χ
= sin 2θ
As sin 2θ = 2xy/r 2 = 2∂ y (x ln r), and the operators (1−ℓ 2 ▽ 2 ) and ∂ y commute, the solution is given by
A.5 χ
= cos 2θ
Because cos2θ = ∂ x (xlnr)−∂ y (ylnr), using the results (23) and (24) 
A.7 χ 0 = sin θ/r
Because sin θ/r = y/r 2 = ∂ y ln r, using (22) , χ reads
